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ABSTRACT 


The strees intesisi'ty factor for the sheet and the force in the most 
hi^ilj loaded stringer vere detaxained for a centrally cracked sheet 
stiffened by riveted* unifozaly spaced and sised stringers of %diich various 
nuahers were assumed to be broken. Also determined were the effects of 
stringer stiffhess* stringer spacing* and rivet spacing. 

Ihe principal results of the analysis are: 

1 - Broken stringers cause hi^^ier stress intensity factors* 
especially tdien Ihe cradc tip is near a broken stringer. 

2 . Once the crack tip extends beyond several intact stringers* the 
stress intensity factor is no longer strongly affected by 
broken stringers* and it is reduced by the use of stiffer or 
more closely spaced stringers or smaller rivet spacing. 

Broken stringers cause a higher load concentration in the 
adjacent stringers. The load conoentration is lower for stiffer 
stringers. 

Residual strengths and fatigue-oraok-growth lives were calculated for 
a stiffened 202U-T3 sheet* wllh and without a broken stringer* and an 
unstlffened sheet. The sheet was assumed to fail before the ronaining 
stringers. The strengths and lives for the stiffened sheet with a broken 
stringer were only slightly lower than those without a broken stringer, 
and were much higher than those for an unstiffened sheet. They were also 
higher for stiffer or more closely spaced stringers or iiKjre closely spaced 
rivets — much as when all stringers are intact. 



xmoBDcnoK 


To cM^ly with fail-safe and damsge tolerance desi^ criteria for 
aircraft structure, desiipi nethods are reqtiired to predict fati^pie-crack- 
growth life and residual str«aigth of cracked and damaged structure. Sheet- 
stringer type constructicm is widely used in aircraft and is generally 
regarded aa a redundant '^pe of construction that has inherent fail-safe 
and damage tolerant capabilities. In a previous investigation (rsf. iK the 
stress intensity factor for the sheet and the forces in the most highly 
loaded rivet and stringer tiere determined for a centrally cracked sheet with 
riveted and uniformly spaced stringers. 

Because both sheet and stringer can develop cracks at a fastener hole 
or be damaged accidentally, multiple cracks or failures must be taken into 
account. Consequently, in the present investigation, the stress intensity 
factor for the sheet and the force in the most hi|^ly loaded stringer were 
calculated for a stiffened sheet with various numbers of broken stringers. 
The effects of systematic variations in stringer stiffhess, stringer 
spacing, and rivet spacing were also determined. The present analysis 
method was that used in reference 1, but modified to account for the broken 
stringers. . 

To interpret the results, the stress intensity factor was used to 
calculate residual strengths and fatigue-crack-growth lives for a stiffened 
panel with and without broken stringers. 
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Sobsoripts 
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3 

n 


lim 

Superscripts: 

bs 


at ith rivet 
at jth rivet 
at nth rivet 
pertainin^^ to stringer 
limiting 

broken stringer 

FORHDLATiair OF HiOBISf 


Figure 1 shows a stiffened sheet with a crack in the sheet extending 
equally from opposite sides of a rivet. The stringers and rivets are uniform 

in size and spacing. One of the stringers that intersect the oreudc 
broken. (fRie foznulati<m is applicable to any nTimber of broken stringers 
€is long as ny— otry is maintained.) The sheet and stringers, tdiich can be 
of different materials, are subjected to the uniaxial stresses S and SEg/B 
respectively, lAich produce equal strains at large distances from the crack. 
A state of plane stress is assumed to exist and all forces a } assximed to 
act at the mid^lane of the sheet. 

The stress intensity factor for the sheet and stringer load concen- 
tration factor were calculated as in reference 1 except that the equations 
for the unknown rivet forces were modified to account for the broken 
stringer. These modifications are shown in the Appendix. 

Because the stiffened sheet in figure 1 is infinite in extent, the 
number of unknown rivet forces is likewise infinite. However, because the 
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renote stresseB in the sheet are unaffected by the crack, the remote rivet 
forces are small and can be neglected. It was found in reference l that the 
calculations were affected by leas than 1 percent when they accounted for 
only those rivets within a rectangular region with a height equal to 2a 
(or 20 rivet spaoinge, whichever was larger) and with a width extending 
beyond tlie crack tips to include the next stringers (see figure l ) . 

VJhen stringers are broken, however, the stresses in the sheet are af- 
fected o^'sr a larger region. For this reason the height of the region in 


figure 1 was increased to 12a or 20 rivet spacings, whichever was larger. 
Moreover, the region over which the stresses are affected is larger for 


stiffer stringers, and becomes infinite for rigid stringers. Consequently, 

calculations w«re made only for M ^ 0.7 where M is the ratio of the stiffness 
of the stringers alone to the stiffhess of the stringers and sheet. For the 
uniformly stiffened sheet. 


u = 


wt R 

s s 

wt E + btE 
s s 


( 1 ) 


To reduce the niAber of unknowns, the rivet spacing p beyond the height 2a 
was inoreased to 5p« reduosd the mmiber of unknowns by 2/3 (still two 

times that for all-intact stringers) end reduced the oonputlng time by $0 
percent. The effect of this rsduotlon on the aoouraoy of the oaloulations 
was small. The aoouraoy was dbsoksd by inorsasing the height of the region 
to UOa and the width to inolude four additional stringers. The results were 
found to be affected by less than 5 percent for one broken stringer and less 
than 10 percent for three broken stringers withy ■ 0.7* These errors 
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depended strongly on y aady for y - 0.5, vere less than one-half those 
for y > 0.7* In all ^.ases the stress Intensity factor and the force in the 
most highly loaded stringer that were calculated for the region of height 
12a were higher than those calculated for the region of height UOa. 

RESULTS AND DISCUSSION 
Stress Intensity Ihctor for the Sheet 

Figure 2a shows the stress intensity factor plotted against half-length 
of tiie crack for various numbers of broken stringers, Por the case of a 
single broken stringer, figures - 2d show the effects of stringer 
stlflhess, rivet spacing, and stringer spacing. Because variations in rivet 
diameter and stringer width have only a small effect, values of d p/U and 
w - 5d were used for all the calculations. 

Figure 2a shows that the stress intensity factor is hi^er when the 
stringers axe broken than when all stringers are intact, and increases wllh 
the number of broken stringers. Vben a crack tip is near a broken stringer, 
the local transfer of load from the broken stringer into 1he sheet at the 
first rivet causes tiie stress intensity factor to be higher than that for 
an unstiffened sheet. However, %dien a oradc extends beyond -the nearest 
intact stringer, the stress intensity factor is reduced below that of an 
unstlffened sheet (k/S\/^*‘ 1). Also, when a crack extends beyond several 
intact stringers, the effect of the broket, atrliyere become small, eepeoially 
for a single broken stringer. 

Figures 2b and 2c ghow that, ^en a crack tip is short of the first 
intact stringer axid is influenced largely by '&e broken stringer, the stress 
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int«aslt7 factor is hij^er for stiffer strloesrs and more closely spaced 
rivets* In this case the stiffer stringers transfer a larger load into the 
fldieet near the crack tip and the more closely spaced rivets transfer the 
load into the sheet closer to the oraok tip. However « for longer cracks, 
the curves cross and the sequence is inverted. 

Figure 2d shows that for all crack lengths, the stress intensity 
factor is loifer for more closely spaced stringers. 

Thus, for long cracks %hen the crack extends heyond the nearest intact 
stringer, the effect of stringer stiffhess, stringer spacirg, and rivet 
spacing is the same with and without broken stringers. 

Stringer Load Concentration Factor 

When one or more stringers are broken, the pair of intact stringers 
nearest the oaiter of the panel are the most hi^ily loaded. Figures 3a - 
3d show the stringer load concentration factor for the most highly 
loaded stringer plotted agednst half-length of the crack for the same 
variables shown in figures 2a - 2d. The stringer load concentration 

factor L was defined (ref. 1) as the ratio of the maximum force in the 
stringer to the remote force applied to the stringer. 

L is essentially unity for small cracks and increases with increasing 
crack length. Figure 3a shows that for long cracks, the curves approach 
limiting vsQ.ues that increase with the number of broken stringers. In 
reference 1 it was shown for all intact stringers that L asymptotically 
approached a limiting value with increasing crack length and that this 
value was given by 
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^im " ^ 

( 2 ) 

Makizig the sisq;>lifying aseunpticai that all of the load in the broken 
stringers is transferred to the nearest intact stringer on either side of 
the crack, the limiting value of L is 


hi™ = 5 "b 


( 3 ) 


The valTies of Liin given by equation (3) are shown on the graph. For long 
cracks, the ccdculated values of L approach the appropriate Liiq, 


Figures 3b - 3d show that L is lower for stiffer stringers and that, 

for larger values of rivet and stringer spacing, longer cracks are required 
for L to reach LiiQ. In these cases edso, the calculated values of L 
approach the appropriate Lxjjq* 

Thus, for all crack lengths the situation for broken stringers is much 
the same as for all stringers intact ex-iept that the stringer load 
concentration factor is increased by ^ due to the broken stringers* 


The Effect of Broken Stringers on Residual Strength 
and Fatigue- ''raok-Growth 


Because broken stringers affect the stress intensity factor differently 
for riiort and long cracks, figure 9 . does not suggest a stiffened sheet 
configuration which is optimum with respect to design criteria for fatigue 
and ftaoture. For this reason, oaloulatlons were made for the residual 
strength and fatigue-oraok-growth life of a stiffened 202U-T3 aluminum sheet 
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with a broken stringer. The fatigue crack growth and fraoture toughness 
properties in reference ? were used. 

Residual strength 

Figure U shows the nominal stress that must be epplied to the stiffened 
sheet with one broken stringer to produce K = K^, the critical value. The 
values are plotted against the half-length of the crack. Curvr >io.’n 

for various values of stringer stiffness and, for comparison, -.i unsti: ' ned 
sheet and a sheet with all stringers intact. Assuming that the oheet will 
fail before the remaining stringers, the residual strength (defined here as 
the stress required to fail the sheet) is given by the highest point on a 
curve to the right of the initial crack length. Note that the peaks of the 
curves essentially approach a constant height as the crack becomes long. 

For u > 0.5 « the curve for one broken stringer approadhee that of the 
curve for all stringers intact. Consequently, the residual strengths of a 
sheet with a broken stringer and one with cQl intact stringers will be 
essentially the same. 

The curves for the various values of m show that, except for very small 
cracks, the strength cf a sheet with a broken stringer is hi^er with stiff er 
stringers oiuoh as \dien all stringers are intact. Similarly, the strength can 
be shown to bs hi^er for more closely spaced rivets and stringers. 

In the case vdiere additional stringers would ' ill before the sheet, the 
use of stiffen stringers would also increase the residual strength by lowering 
the stringer stress. However, the use of more closely spaced rivets and 
Btringsrs could cause some deciMase in residual strength because 
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of an increase in strinf^r stress. Space limitations do not permit this 
case to be discussed here in detail. 

Fatiirae-crack-growth life 

Figure 5 shows the flights to failure plotted against initial half- 
length of crack for a stiffened sheet with one broken stringer. Curves are 

shown for various '~alues of stringer stiffhess and* for conqparison, an 
unstiffened sheet and a sheet with all stringers intact. A typical gust- 
loading spectrum and Ig stress fcr a transpcrt airplane with a ground-air- 
ground cycle was assumed. The sheet was assumed to fail before the remaining 
stringers* and nonlinear load spectrum effects such as retardation were not 
taken into acootsut. Because the residual strengtii of the stiffened sheets 
was not exceeded* failure was defined arbitrarily to be a half-length of 
crack equal to three times tiie stringer spacing. 

The curves show that* except for very small initial crack lengths* the 
fatigue-craok-growth life of the sheet with one broken stringer is not 
significantly less than tliat of the sheet with all stringers Intact ard s 
orders of magnitude greater than that for an unstiffened sheet. 

The curves for various values of y show that the fatigue-orauk-growth 
lives of the sheet with one broken stringer are longer for stiff er stringers* 
much as when all stringers are intact. !Hiis can also be shown for more 
closely spaced rivets and stringers. 

CONCLUSIONS 

The stress intensity factor for a stiffened sheet is higher with one 
or more broken stringers than with all stringers intact* ezpeoially when 
the crack tip is near a brokm stringer. Eowever* if the crack tip extends 
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beyond several intact stringers , the stress intensity factor is not strongly 
affected by broken stringers and is ftnaller with the use of stiffen and more 
closely spaced stringers and smaller rivet spacing. 

Broken stringers also cause a hi^er load concentration in the adjacent 
stringers. The load concentration is lover for stiffen stringers. 

For the case vdiere the sheet fails before the remaining stringers, the 
residual strengths anc fatigue-craok-'gro%rth lives for a stiffened 202U-T3 
aliuninum sheet were only slightly, lower with a brokm stringer and were much 
hi^er than those for an unstiffened sheet. They were also higher for 
stiffen and more closely cqpaced stringers and more olouely spaced rivets — 
much as vdien all stringers are intact. 
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AP^ *DIX 


MODIFICATION OF RIVET FORCE EQUATIONS 
TO ACCOUNT FOR BROKEN STRINGERS 


The equations for the unknown rivet forces were obtained by modifying 
those in reference 1 to account for broken stringers. The notation in figure 
6 for three broken stringers is used. Because of synmetry» only those rivets 

in one quadrant are included. 

The displacooents of the rivets in the broken stringers can be written 


bs 

V. 

1 



(i = 1, 2, ... .n) 


(i - n+1, n+2, ....2n) 


(k) 


where v^ and are displacements of the sheet at the first rivets and 

Vj^ are displacements of the broken stringers at the ith rivet relative to 

'"'Ids 

the first rivets. The displacements Vj^ can be written in terms of influence 
coefficients as 


A®j Qj + B®SBg/B (i*l, ....n) 


- 




2n 


( 5 ) 




(i ■ n+l, n+2, ....2n) 


A1 



The coefficients in equation (?) can be detemined approximately by the 
stqterposition of the problens in figure ?• (Hotation is shown for the 
central stringer. ) Using the coefficients in reference 1 for a finite 
width stringer and subtracting the displacements at the first rivets* 

78 ,s ,s ,s . -S 
* ^ij " ^il " ^ *11 

bJ * B® - ♦ '^s*!! ***“^ 

and for the other stringer 


X® = A® - A® ♦ A® ♦ A® 
ij ij *i,irt-l n^l.4 n+l,n«-l 


( 6 ) 


5® X ^ A® ^ H® A mgf- m® 

i i ^8*i,n+l n+1 s*n^l,n«-l (i « iH-1, n+2, ...2n) 


Equation (6) satisfies the cmdition of zero force at the break in the 
stringers* but not zero norsial stress. Equating the disidacements as the 
rivets in the sheet and stringers as in reference 1 and using equation 
(U) for the broken stringers* the equations for the unknown rivet forces are 


^ ^*ij * ■ *1J " *il ^2 ^*ij “ *U " *i,n+l * 

'*« - ♦ 6*./* - »l ♦ »i - <*u - Si 





2n 

(A, . - A _ 4 - A,- ♦ A (A, + A. , - A - 

ij n*l,j il n-H,l J ^+2 n+lj 


H r- 

A« ♦ A _ «^,)Q4 * (A., - A ,)Q. ♦ bX/E - B. ♦ 

i,n+l n+l,n+l 'j T^n^-l n*l»0 J L ^ ^ 

- (A., - A ♦ A. - A _ _ )wt E /^S = 0 

il n+1,1 x.o+l n-*-l,n*l s s J 


B 


n-H 


(I » n+2, n*3, ...2n) 


and 


22 X, - A.,)Q. ♦ (A., - A. _,)Q. ♦ 5^ (A® ♦ A )Q 

* [b^,/* - Bj - (Ajj » A, ,^j)vt,E,/E]s . 0 


(7) 


(i * 2n+l, 2n+2, ...H) 


nrt» equilibria, the forces in the first rivets of the broken stringers 
are 



♦ SE wt /E = 0 
s s 


(i * 1) 


J2 Qa + SE wt/E » 0 (i » n+1) 

J»n+1 ^ 


( 8 ) 


Equations (7) and (8) can be easily extended to any other number of broken 
stringers. 
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Figure 1.0 Cr&cked sheet irith riveted end uniforaly spaced stringers. 





(c) Effect of p 


(d) Effect of b 


Figure 3>- Stringer load eoneentretion factor for aoet highly loaded atrioger. 




ALL STRINGERS INTACT 
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Figure Residual strength of a stiffened 2024-T3 alvoslnus sheet vith 
cme broken stringer (b-lOOsM and p«b/6). 




Figure 5.- Patigue-creck-growth life of a stiffened 202U-T3 aluminum 
sheet with a broken stringer (b^lOOnm and p«b/6). 






